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ABSTRACT 
Tandem repeats (TR) are stretches of DNA that are highly variable in length and mutate 
rapidly, and thus an important source of genetic variation. This variation is highly informative 
for population and conservation genetics, and has also been associated with several 
pathological conditions and with gene expression regulation. However, genome-wide surveys 
of TR variation have been scarce due to the technical difficulties derived from short-read 
technology.  
Here, we explored the genome-wide diversity of TRs in a panel of 83 human and nonhuman 
great ape genomes, and their impact on gene expression evolution. We found that 
populations and species diversity patterns can be efficiently captured with short TRs (repeat 
unit length 1-5 base pairs) with potential applications in conservation genetics. We also 
examined the potential evolutionary role of TRs in gene expression differences between 
humans and primates by using 30,275 larger TRs (repeat unit length 2-50 base pairs). About 
one third of the 13,035 one-to-one orthologous genes contained TRs within 5 kilobase pairs 
of their transcription start site, and had higher expression divergence than genes without 
such TRs. The same observation held for genes with repeats in their 3’ untranslated region, 
in introns, and in exons. Using our polymorphism data for the shortest TRs, we found that 
genes with polymorphic repeats in their promoters showed higher expression divergence in 
humans and chimpanzees compared to genes with fixed or no TRs in the promoters. Our 
findings highlight the potential contribution of TRs to recent human evolution through gene 
regulation. 
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INTRODUCTION 
Tandem Repeats (TRs) are DNA tracts in which a short base-pair motif, the repeat unit, is 
repeated several times in tandem, i.e., in a closely spaced, head-to-tail orientation. They are 
among the most variable loci, experiencing mutations in the number of repeat units that are 
100 to 100,000 times more frequent than point mutations, and occur at a rate of 10-3 to 10-7 
copy number alterations per cell division (Weber and Wong 1993; Brinkmann et al. 1998; Li 
et al. 2002; Legendre et al. 2007). 
Due to their unique properties, TRs have been extensively used as molecular markers in 
many population genetic studies (Ellegren 2004). Past technical constraints, however, limited 
the number of microsatellites that could be easily genotyped. For this reason, most TR-based 
studies of human diversity and interspecies genetic divergence, were greatly restricted 
(Rosenberg et al. 2002; Molla et al. 2009; Pemberton et al. 2009; Tishkoff et al. 2009; Sun et 
al. 2012; Pemberton et al. 2013), or focused on comparing reference genomes (Webster et 
al. 2002; Kelkar et al. 2008; Payseur et al. 2011; Kelkar et al. 2011; Loire et al. 2013). 
However, recent advances in sequencing methodology (reviewed in Mardis 2008 and 
Metzker 2010), and the development of novel software that can systematically genotype 
repeats at a genome-wide scale (reviewed in Lim et al. 2013), has permitted analysis of 
several thousand loci from multiple individuals in a cost-effective manner (McIver et al. 2011, 
2013; Willems et al. 2014). Furthermore, other recently developed methods which specifically 
target repeats also show great promise, and will be able to improve both the reliability and 
scope of repeat landscape analysis (Guilmatre et al. 2013; Duitama et al. 2014; Carlson et al. 
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2014). 
In eukaryotes, TRs located in coding regions tend to occur in genes associated with 
transcriptional regulation, DNA binding, protein–protein binding, and developmental 
processes (Vinces et al. 2009; Gemayel et al. 2010). These consistent functional 
enrichments suggest important functional roles for TRs. In fact, TRs are emerging as good 
candidates for a type of genomic variation that can directly alter gene expression (Rockman 
and Wray 2002; Kashi and King 2006; Vinces et al. 2009; Gemayel et al. 2010). Because 
gene expression changes contribute to the fundamental differences between humans and 
other species (King and Wilson 1975), it is imperative to study mechanisms that may permit 
rapid expression changes on short evolutionary time scales (Wray et al. 2003; Tirosh et al. 
2006; Landry et al. 2007; Choi and Kim 2008; Tirosh et al. 2009). Promoter features such as 
TATA boxes, nucleosome density, as well as tracts of TRs can mediate such changes 
(Tirosh et al. 2009). Thus, the high incidence of TR in regulatory regions (Gemayel et al. 
2010; Payseur et al. 2011) and their high mutability (Weber and Wong 1993; Brinkmann et al. 
1998; Li et al. 2002; Legendre et al. 2007), suggests that it may be important to study TR 
variation to understand fundamental differences in gene expression across species and 
populations. In particular, since TRs constitute 3% of the human genome (Lander et al. 2001) 
and are dramatically enriched in promoter regions (Vinces et al. 2009; Sawaya et al. 2013) 
clarifying their functional role may provide important insights for the human biology field. 
Much of our knowledge of nonhuman great apes diversity stems from studies which typically 
focused on variation of a few dozen microsatellite loci (Reinartz et al. 2000; Warren et al. 
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2000; Zhang et al. 2001; Goossens et al. 2006; Becquet et al. 2007; Bergl and Vigilant 2007; 
Arora et al. 2010; Wegmann and Excoffier 2010; Gonder et al. 2011; Nater et al. 2013; 
Fünfstück et al. 2014). This view has been recently complemented with a range of 
publications including now a comprehensive catalog of great ape diversity using SNP 
datasets (Locke et al. 2011; Vallender 2011; Prado-Martinez et al. 2013; Scally et al. 2013; 
Greminger et al. 2014; McManus et al. 2014). 
Because different marker types are characterized by different evolutionary rates and modes, 
they can give us complementary insights into the evolutionary history and present diversity 
patterns within and between closely related species. For this reason, analyses of the full 
spectrum of genomic variation in human and nonhuman great ape populations are critical, 
and in that regard have already proved very informative (Prado-Martinez et al. 2013; 
Sudmant et al. 2013; Hormozdiari et al. 2013). In light of these facts, a more complete 
description of the repeat landscape in great apes can help us further understand what makes 
us human, and how human populations have been shaped by processes such as natural 
selection and demographic history. This information will also be valuable for conservation 
efforts of nonhuman primates, since proper population management is greatly enhanced by 
the availability of molecular markers that allow for efficient diversity assessment from, for 
example, non-invasive samples. 
To characterize the extent of TR variation in humans and great apes, as well as its influence 
on patterns of gene expression, we examined both TR polymorphisms and divergence in 
different human populations and their closest primate relatives, chimpanzees and other great 
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apes. We also investigated a potential expression divergence between human and 
chimpanzees based on non-randomly associated TRs located at promoters. 
 
RESULTS 
Divergence and Population diversity of TRs 
We first identified patterns of TR birth/death across human and nonhuman great apes 
(chimpanzees, gorillas and orangutans), considering TRs whose repeat units ranged from 1 
to 5 base pairs in length, and with a total repeat length of at least seven base pairs, if the 
repeat unit was one base pair long, and six base pairs otherwise. To this end, we used 
Tandem Repeat Finder (TRF) (Benson 1999) to identify TR candidate loci in the reference 
genomes of these taxa and looked for TRs with the same repeat motif in the corresponding 
regions in the reference genomes of the other three taxa (see methods). We found that more 
than 70% of the repeat loci annotated in the human genome are shared with chimpanzees, 
gorillas and orangutans. Furthermore, the degree of repeat conservation somewhat reflects 
the evolutionary history of these species, with human and chimpanzee sharing the most 
repeat loci (86.6-87.9%), and orangutan sharing the fewest repeat loci with the other three 
taxa (68.5%-73%) (Supplementary Table 1). We also observed that very few repeat loci are 
shared exclusively between any two taxa (0.9-5.1%), and that the percentage of repeat loci 
specific to each taxon is highest in orangutans (21.8%), followed by gorillas (9.9%), 
chimpanzees (7.1%), and finally humans (6.2%) (Supplementary Table 2). We performed a 
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gene ontology (GO) enrichment analysis on the genes whose promoters contained repeat 
loci in the human reference genome, but whose corresponding regions in other taxa lacked a 
repeat, and found that these genes relate to a wide range of biological processes, such as 
cell communication and signaling (Supplementary Table 3). 
To assess the degree of polymorphism of these repeats in each species, we analyzed the 
genotype variation in a total of 6,965,726 TR loci in humans, 4,006,024 in chimpanzees and 
bonobos, 3,815,198 in gorillas, and 2,313,198 in orangutans. Specifically, these were 
genotyped in a panel of 27 humans (2 from Europe, 2 from Asia, 1 from America, 1 from 
Oceania and 21 sampled throughout Africa, of which 9 are newly sequenced), 16 
chimpanzees (4 subspecies) and 12 bonobos, 18 gorillas (2 species, 3 subspecies), and 10 
orangutans (2 species) respectively. To produce this repeat catalog we used the human 
reference genome genome assembly (NCBI 37, hg19) as a reference for all individuals, in 
order to facilitate coordinate comparison and to take advantage of the thorough human gene 
annotation. Additionally, to avoid potential biases resulting from a single reference sequence, 
we also genotyped the corresponding TRs in the reference genome of each genus and 
filtered out any repeats whose genotypes were not concordant when comparing the results 
using both references (see Methods).  
For the genotyped repeat loci, we estimated average differences in absolute repeat number 
relative to those annotated on the hg19 human reference genome in different subspecies and 
species of nonhuman primate taxa, and in three human groups (Non-Africans, African hunter-
gatherers and all other Africans). The total amount of repeat number differences accumulated 
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by each group was consistent with what was expected based on their phylogenetic distance 
to the human reference genome. Specifically, orangutans showed the most repeat number 
differences, followed by gorillas, bonobos, chimpanzees, and finally humans, where African 
hunter-gatherers displayed slightly more differences relative than other Africans and Non-
Africans (Figure 1A). We also found that the general patterns of heterozygosity between 
species and subspecies were highly concordant with those of SNP diversity in great apes on 
a similar dataset (Prado-Martinez et al. 2013)(Figure 1B).  
In order to summarize the genetic diversity information contained in the TRs, we computed 
their allele frequencies within human and non-human great ape populations, and performed 
Principal Components Analysis (PCA) individually for each taxon. We found that for humans, 
known diversity patterns among human populations can be accurately captured. Specifically, 
the first principal component explained up to 10% of the variance, clearly distinguishing a 
group encompassing North Africans and Non-African individuals from the rest of African 
samples (Supplementary Figure S1A). In addition, some African samples, such as the South 
African Bantu, or the North Chad, which are respectively geographically closer to African 
hunter-gatherer and to North-African populations, are also closer to each other in the PCA. 
The second and third principal components separately distinguish each of the two African 
hunter-gatherer populations, San and Mbuti, previously reported to be among two of the most 
genetically diverse human populations (Tishkoff et al. 2009), from other African and Non-
African populations. 
Using the PCA approach, we were able to partition not only between great ape subspecies, 
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but also between different great ape populations according to their geographical origin, with 
just up to four principal components. Even for the great apes with a very complex taxonomy 
(chimpanzees), each of the first three principal components, respectively, separated the 
Nigeria-Cameroon and West African chimpanzees from Central and Eastern chimpanzees 
(19% explained variance), followed by Nigeria-Cameroon and West African chimpanzees 
(13% explained variance), and finally Central and Eastern chimpanzees (10% explained 
variance) (Figure 2A). In addition, the fourth principal component identified substructure in 
the central and eastern subspecies, which correspond to the sample's geographical origin. 
Likewise, for gorillas and orangutans the PCA could clearly separate between species and 
subspecies (Supplementary Figure S1C and S1E). These same population structure patterns 
had been previously observed (Prado-Martinez et al. 2013) using millions of SNPs, and might 
be best explained by the widespread geographical distribution of chimpanzee and gorilla 
species and subspecies across equatorial Africa, as well as across and within the Borneo 
and Sumatra islands for orangutans. 
We obtained similar results when employing STRUCTURE (Pritchard et al. 2000) on the 
same set of markers used for the PCA for each taxon (Supplementary Figure S2). We then 
used these observations to assess what number of clusters best explains the substructure 
present within each taxon by calculating Evanno's delta K (Evanno et al. 2005). With 
exception of common chimpanzees, for which the optimal number of clusters identified was 
five and thus one more than the number of subspecies currently reported (Bowden et al. 
2012), our observations on all other taxa, for which species and subspecies are described, 
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underscore their common taxonomical designations. The additional cluster in chimpanzees 
highlights deep population structure in chimpanzees, probably due to geographical 
substructure that exists within the central chimpanzees population, as suggested by visual 
inspection of the STRUCTURE plots (Figure 2B). 
These observations are directly applicable for conservation genetics. Since TRs are the 
standard molecular marker in the field, we compiled a list of ancestry-informative markers 
(AIMs) for all taxa (chimpanzees, gorillas, and orangutans). To do this we searched for 
repeat loci in species and subspecies where at least 75% of the samples had been 
genotyped and selected those in which all alleles present were specific to a particular group 
(Supplementary Table 4). We found a total of 3,522 loci that can now be used to differentiate 
between subspecies. 
To get a sense of the amount of population differentiation present within each taxon, we 
calculated the standardized Rst value (Slatkin 1995) between all pairs of individuals. When 
visualized on a heat map in which samples are arranged according to their taxonomical or 
population designation, clusters of low pairwise Rst values can be observed, highlighting the 
higher degree of genetic similarity between samples from the same species, subspecies or 
even population. These are particularly noticeable for nonhuman great apes, and to a lesser 
extent in humans, which is to be expected since humans are genetically less differentiated 
than other great apes (Enard and Paabo 2004; Marques-Bonet et al. 2009)(Figure 3).  
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The impact of TR on gene expression  
To identify all genes with any kind of TR in the 5 kbps upstream from the transcription start 
site (TSS), we used a set of 13,035 one-to-one orthologous genes in the reference genome 
assemblies of humans (NCBI GRCh37.p10), chimpanzees (CHIMP2.1.4), and macaques 
(MMUL_1) (see Methods). We found that on average 29-31% of these genes harbored TRs 
(3,820, 3,910 and 4,032 for human, chimpanzee and macaque, respectively). To check the 
functionality of these repeats, we carried out a randomization test (n=500) using data from 
ENCODE (Material et al. 2004) on DNase hypersensitive site locations human 
lymphoblastoid cells (Sabo et al. 2006) which are accessible regions of DNA, associated with 
gene regulatory elements (Gross and Garrard 1988). We found that 60% of TRs overlap with 
a DNase hypersensitive site (P-value = 10-350). The significant enrichment of repeats in 
DNase hypersensitive sites suggests that a substantial part of repeat sequences could 
potentially be involved in gene regulation. Based on this premise, we used previously 
obtained RNA-seq gene expression data (Brawand et al. 2011) to assess whether genes that 
contain TRs in their promoters have higher expression divergence compared to genes 
without repeats in their promoter region. To this end, we computed the mean of gene 
expression values belonging to different individuals for each gene and organ. In order to 
compute expression divergence between each pair of species, we then calculated the 
difference between the mean expression values of the orthologous gene pairs, normalized by 
the sum of the mean expression values in a given organ. We then partitioned these pairwise 
expression differences into two subsets according to whether orthologous genes did or did 
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not contain TRs in their promoters. We observed a significant increase in pairwise expression 
differences when genes have TRs in their promoters. More specifically, between human and 
chimpanzee orthologs with repeats within 5kb upstream of their TSS showed higher mean 
expression difference (0.264) compared to those without repeats (0.257, P < 10-6, based on 
Wilcoxon Rank Sum Test (Mann and Whitney 1947). Similarly, human-macaque orthologs (P 
< 0.01, for all organs) and chimpanzee-macaque orthologs (P < 10-5, for all organs) with TRs 
showed a higher mean expression difference (0.250 and 0.254, respectively) than 
orthologous genes without repeats (0.243 and 0.242, respectively). 
In order to avoid noise and bias for organ-specific gene expression variation differences, we 
next took a phylogenetic approach and performed a bootstrap-like resampling analysis, 
where gene expression values were sampled from different individuals of a species (see 
Methods). We computed two different expression distance matrices of (1000 replicates) × (3 
species pairs) for each organ and employed these matrices to construct neighbor-joining 
gene expression trees. Except for the macaque branch for liver- and heart-specific 
expression trees, all branches were significantly longer for repeat-containing genes in both 
species (P < 10-10 ;based on a t-test with n = 1000, df = n-1, throughout unless otherwise 
mentioned) (Supplementary Figure S3). The total tree length of genes with repeats was 
significantly greater in all organs (P < 10-200 except for liver, where P = 0.02) (Figure 4A). 
These observations also held when we changed the length of the upstream regions we 
considered. Repeat-containing genes diverged more rapidly in their expression, and this 
difference was most pronounced for repeats within 1kbp upstream of the transcription start 
site (95% CI: 0.0145, 0.0146). The difference got progressively smaller as we included 
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repeats that are further away from the transcription start site (95% CI for windows of length 
10 kbp: 0.003, 0.006; 15 kbp: 0.0021, 0.0024; 20 kbp: 0.0004, 0.0007, Supplementary Figure 
S4).  
Since gene expression levels may play a role in expression divergence (Lehner 2008; 
Macneil and Walhout 2011; Pilpel 2011) we then asked whether the association between 
TRs and expression divergence varies with expression level. To this end, we distinguished 
between highly and lowly expressed genes, choosing the median expression level of all 
genes among all individuals in a species (and separately for each organ) as a threshold for 
high and low expression. We followed our previous randomization procedure and found that 
TRs associate with expression divergence to a similar extent for highly expressed genes, (P 
< 10-117, all organs considered together; n = 6000; df = n-1) as they do for lowly expressed 
genes (P < 10-129, N = 6000). CpG islands play an important role in mammalian gene 
regulation (Saxonov et al. 2006) and may thus affect gene expression divergence. Therefore 
it is important to note that these observations also held when we controlled for repeats 
overlapping with CpG islands. More specifically, we found that only 215 of all identified 
tandem repeats overlapped with a CpG island (see Supplementary Text S1 for details). 
When analyzing expression divergence while excluding those overlaps, we found that the 
presence of repeats was still strongly associated with expression divergence (P < 10-178, for 
all organs except for liver, where P < 10-6, n = 6000). 
Repeats in other potential regulatory regions also have an influence on the divergence of 
gene expression. Specifically, genes containing TRs within 1 kb of the 3’ UTR also showed 
significantly greater expression divergence in all organs except the testis (P < 10-47, for all 
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organs; Supplementary Figure S5A). Moreover, those 2,468 human genes with exon-
containing repeats also showed greater expression divergence in all organs (P < 10-269, for all 
organs; supplementary figure S5B). Finally, repeats in introns were also associated with 
greater expression divergence (P < 10-198) for all organs except for the heart (P <10-85) and 
the liver (P < 10-292), both of which show opposite patterns (Supplementary figure S5D). The 
mean difference of tree lengths for repeats found in any intron was smaller compared to the 
mean difference for the repeats found in first introns (95% CI: 0.0080, 0.0086). Overall, our 
gene expression trees indicate greater expression divergence between genes without 
repeats and genes that contain repeats, in the following order of decreasing divergence: 
repeats in 3’ UTR regions (mean difference in tree lengths: 0.022) >> repeats in exons 
(0.017) >> repeats in promoters (0.015) >> repeats in 1st intron (0.008) >> repeats in any 
intron (0.003) (Figure 4B). 
To check to which extent polymorphism within species might be affecting our results, we 
used our set of genotyped TRs, and classified repeats either as polymorphic or fixed (no 
variation in copy number of repeat unit) within each taxon. To this end, we used our 
genotyped TR data in the panel of 27 humans and 16 chimpanzees. We found that for all 
tissues, genes with promoters containing repeats observed to be polymorphic in both taxa, 
showed significantly more divergence than (i) genes with the same repeat genotype (repeat 
length) in both taxa and (ii) genes without repeats (P < 10-168 and P < 10-163, respectively, 
based on Wilcoxon Rank Sum Test) (Figure 5).  
Using the genotyping data for human and chimpanzee, as well as for the other three primate 
taxa (bonobos, gorillas and orangutans), we finally checked for overrepresented biological 
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process terms in genes that contained repeats in three categories: (i) genes whose repeat 
genotype length was different between human and chimpanzees and fixed within each taxon 
(n=2804), (ii) genes whose repeats were the same and fixed in all genotyped nonhuman 
primates but polymorphic in humans (n=1754), and (iii) genes whose repeats are fixed in 
humans but polymorphic in all genotyped nonhuman primates (n=2178). We found that for 
the first two categories processes related to cell-adhesion, neurogenesis and neural 
development are enriched, while for category (iii) processes related to detection and 
response to chemical and biotic stimuli, sensory perception of taste and smell, and skin 
development are enriched (Supplementary Table S5). 
 
DISCUSSION 
TRs are abundant in human and nonhuman primate genomes, but their variation in natural 
populations and their potential regulatory role remain largely unexplored. Recent advances in 
sequencing technology, together with the development of computational tools, have finally 
made it affordable to accurately genotype up to millions of TRs at the genome-wide level, and 
to circumvent much of the constraints that traditional repeat genotyping methods entail 
(Gymrek et al. 2012; Highnam et al. 2013; Guilmatre et al. 2013; Duitama et al. 2014; 
Willems et al. 2014; Carlson et al. 2014).  
Here, we surveyed the genome-wide diversity of TRs in a large collection of high quality 
human and nonhuman great ape genomes, and showed for the first time their impact on 
gene expression divergence between human and other primates. We observed a strong 
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association between polymorphic repeats in gene promoters and increased expression 
divergence, an observation that was robust to changes in the method used to identify tandem 
repeats and to assess gene expression divergence. This association existed for most of all 
organ-specific expression data, except in some cases for testis and liver. Distinct expression 
patterns in these organs have also been observed by others (Hsieh et al. 2003; Somel et al. 
2008; Brawand et al. 2011) in different contexts.  
Repeats closer to the transcription start site were associated with greater expression 
divergence, an observation that might be explained through core promoter modules occurring 
preferentially close to this site and exerting a strong influence over transcriptional regulation 
(Wray et al. 2003; Spitz and Furlong 2012). Moreover, an association with expression 
divergence held also for repeats in other genic regions. The strongest of them was evident 
for 3’UTRs, consistent with their known role in gene regulation (Yoon et al. 2012). In addition, 
repeats in first introns were associated with greater expression divergence than repeats in 
other introns. This observation is consistent with previous work showing that most intronic 
regulatory regions occur in the first intron (Rohrer and Conley 1998), that the first intron has 
the highest divergence between human and chimps (Gazave et al. 2007), and that the first 
intron influences gene expression more than others (Jonsson et al. 1992; Charron et al. 
2007). 
Our analysis of expression divergence in repeats that could be genotyped at the population 
level also supported a relationship between differential repeat length in promoters and higher 
gene expression divergence in humans and chimpanzees. Our results indicated that 
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polymorphic repeats may have a significant impact on the levels of expression divergence, 
particularly when compared to genes without repeats, or genes in which the same repeat 
genotype is fixed across human and chimpanzee samples, thus suggesting that repeat 
variation may elicit changes in gene expression levels across species. Intriguingly, genes 
containing repeats whose genotype is conserved across nonhuman primates but polymorphic 
or fixed for a different genotype in humans seem to be enriched for functions related to 
neurogenesis and neural diffentiation, as well as development of the nervous system and 
cell-adhesion. Furthermore, genes for which all repeats are fixed in humans, but not fixed in 
other nonhuman primates seem to be enriched for processes related to stimulus detection, 
sensory perception, and skin development. Such biological processes may be associated 
with the evolution of human specific cognitive traits and the response to new environments, 
respectively. However, since the nature of these fixation events is not certain, it will be 
important in the future to distinguish between the demographic (e.g., human population 
bottlenecks) and selective contributions in order to realize the true significance of these 
findings. Moreover, these results provide further motivation for future studies to clarify the 
exact role of these genes in primate evolution, and the extent to which repeats may have 
been involved in their regulation.  
The importance of doing so is also in part supported by the findings of previous studies that 
explored and found a clear relationship between repeat variation and phenotypical or gene 
expression divergence. Accumulating evidence from exhaustive genetic studies have shown 
that TR variation has dramatic, often background-dependent phenotypic effects in model 
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organisms (Verstrepen et al. 2005; Kashi and King 2006; Fondon et al. 2008; Borel et al. 
2012; Raveh-Sadka et al. 2012; Morrison et al. 2012; Egbert and Klavins 2012). In yeasts, 
TR variation in promoters has been shown to alter gene expression (Vinces et al. 2009). An 
especially remarkable example in mammals, regards features of a dog’s snout, such as the 
degree of dorsoventral nose bend and midface length, which correlate with the ratio of the 
length of two tandem repeats in a gene that regulates bone formation (Fondon and Garner 
2004). Repeat polymorphisms have also been linked to behavioural and cognitive functions. 
For example, the presence of tandem repeats in the 5’ untranslated region of the vole 
vasopressin 1a receptor gene correlates with social behavior (Fondon et al. 2008).  Mutations 
in this gene have been implicated in autism (Kim et al. 2002). The gene’s orthologue in 
chimpanzees has a partial deletion in those tandem repeats, whereas the more social human 
and bonobo (Waal 2009) have the complete set of repeats (Hammock and Young 2005). 
Furthermore, a recent study (Hellen and Kern 2015), has showed an enrichment for 
insertions in human genes and gene regulatory regions associated with recent human 
evolution. More specifically, they found that TR insertions are significantly more frequent 
thatn expected among other type of insertions, and that they are mostly fixed in the human 
lineage. Taken together with all other studies, our observations further suggest an important 
contribution of TRs in primate gene expression evolution.  
In this manuscript, we also showed how genome wide short TRs genotyped from whole 
genome sequencing data provide a valid means to uncover substructure and divergence 
patterns in human populations and great ape species, by showing that they agreed with 
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previous surveys in human and nonhuman great apes based on single-nucleotide 
polymorphisms (Li et al. 2008; Prado-Martinez et al. 2013). These results have several 
implications for conservation and breeding programs of great apes, since they provide 
several new loci whose genotypes can be used to distinguish among different taxonomical 
groups or populations, and to assess the degree of diversity present in natural populations 
(McMahon et al. 2014). Importantly, due to their high polymorphism, TRs present several 
advantages relative to other popular molecular markers. In particular, their higher mutation 
rate means that a low number of markers can be used, an advantage for conservation 
studies, which often use highly degraded non-invasive samples. 
Several limitations are associated with this work. First, repeat content, repeat length, and 
repeat unit sizes may be affected by different mutation rates. While one would ideally want to 
take these differences into account, doing so would have limited our statistical power to 
detect structure patterns at several levels. Another limitation stems from whole genome 
sequencing genotyping with short read technologies and regards the maximum length of a 
repeat that can be genotyped. The reason is that genotyping a repeat requires it to be wholly 
encompassed by any given short read. Because we wanted to analyze only non-overlapping 
repeats, the sequence reads of ~100 base pairs used in this study imply that we were limited 
to the analysis of only ~58% of the total fraction of TRs we identified on the human reference 
genome using Tandem Repeat Finder. Nonetheless, we were still able to genotype 
thousands of TRs, and assess their conservation within and across different primate natural 
populations.  
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In the future, studies of the repeat landscape will be facilitated not only by the use of longer 
reads, but also by a thorough subsequent genotyping of a subset of repeats, using one of the 
recently developed methods that specifically target repeats (Guilmatre et al. 2013; Duitama et 
al. 2014; Carlson et al. 2014). These methods rely on a pre-sequencing enrichment step for 
repeats. They are currently able to target and genotype several thousand repeats in many 
individuals, and do so in a much more accurate fashion than in silico methods. The 
combination of the two approaches will yield much reliable and important information 
regarding repeat variation in natural populations.  Such TR genotyping from whole genome 
sequencing data will have a profound impact on many fields, from conservation genetics to 
forensics, and in elucidating the role of TRs in complex trait heritability (Press et al. 2014).  
 
In a seminal paper, King and Wilson (King and Wilson 1975) observed about humans and 
chimpanzees that “their macromolecules are so alike that regulatory mutations may account 
for their biological differences.” Since then, we have learned that such mutations, and in 
particular mutations that cause gene expression change, are indeed important in the 
evolution of primates and other organisms (Wren et al. 2000; Stranger et al. 2005, 2007; 
Fondon et al. 2008; Dimas et al. 2009; Vinces et al. 2009; Gemayel et al. 2010). Our work 
shows that TRs, a type of sequence with unusually high mutability, may be an important 
class of regulatory mutations that are responsible for such species differences. 
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DATA ACCESS 
Raw sequence data from published genomes are available through the Sequence Read 
Archive (SRA) (SRP018689, SRP009145, SRP001139, SRP001703), and at 
https://www.simonsfoundation.org/life-sciences/simons-genome-diversity-project-dataset/. 




Genomic sequence data  
We used a total of 83 samples sequenced with Illumina paired-end reads at high-coverage 
(>20X) and with read length ranging from 50-102-base pairs (bps). Specifically, we used both 
publicly available datasets and newly sequenced human genomes. For the non-human 
primates, we used the complete collection from the Great Apes Genomic Project (Prado-
Martinez et al. 2013). In addition, we selected a total of 27 human male samples, 14 from the 
Human Genome Diversity Project dataset and 2 Dinka individuals (Meyer et al. 2012; Prüfer 
et al. 2014), 9 African genomes (Lorente et. al 2015 in preparation), and two complete 
genomes from a Yoruba individual (Li et al. 2011) and a Khoisan individual (Schuster et al. 
2010) (See Supplementary Table S6 for sample information). All reference genomes for 
human (hg19), chimpanzee (panTro2.14) (Sequencing and Consortium 2005), gorilla 
(gorGor3) (Scally et al. 2012), and orangutan (ponAbe2) (Locke et al. 2011) were retrieved 
from the UCSC genome browser (Kent et al. 2002).  
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Tandem Repeat Identification 
For the genomic diversity data analysis we used the set of tandem repeats that come with the 
Repeatseq (Highnam et al. 2013) software. This is a set containing tandem repeats with a 
repeat unit between 1 and 5 base pairs in length, identified in the human reference genome 
(hg19) using Tandem Repeat Finder (TRF) (Benson 1999) v2.30, with parameters “2 5 5 80 
10 14 5”, and further filtered so that any two repeats are at least 21 base pairs apart.  
These parameters identified all repeats with TRF score ≥14, i.e. repeats with a total length of 
at least 7 bps when the repeat unit is a single base pair and 6 bps for all other repeat unit 
sizes considered (2 to 5 bps), and which passed some statistical criteria based on the total 
length of the sequence being analyzed, the sequence match and indel probabilities relative to 
the repeat unit, and the repeat unit size (see Supplementary Table 7 for more information on 
the parameter values and their description). 
Using the same parameters, we also identified tandem repeats in the panTro2.1.4, gorGor3 
and ponAbe2 reference genomes, corresponding respectively to chimp, gorilla and 
orangutan. 
Additionally, we also identified tandem repeats occurring only in or near genes, using more 
stringent parameters and allowing for larger repeat motifs. These included the promoter 
(5,000 base pairs (bps) upstream from the transcription start site, unless stated otherwise), 
exons, the first intron, all introns, and the 3’ untranslated region (1000 bps downstream from 
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each gene’s stop codon). Here, we considered both micro- and minisatellites with tandem 
repeat units up to 50 nucleotides in length. Longer repeats are less variable and therefore 
less likely to cause phenotypic divergence (Li et al. 2002, 2004; Kelkar et al. 2008; 
O’Dushlaine and Shields 2008; Payseur et al. 2011). Specifically, for this dataset we only 
considered repeats with TRF scores ≥80, i.e. repeats with a total length of at least 40 
nucleotides (e.g., 10 copies of a tetranucleotide repeat or 20 copies of a dinucleotide repeat), 
an incidence of indels in adjacent repeat units ≤10% (e.g., a di nucleotide repeat with ten 
copies can have up to two indels overall relative to the adjacent pattern), and sequence 
identity of adjacent repeat units at least 90% (e.g., at least 18 nucleotides of a di nucleotide 
repeat of ten copies must match the adjacent pattern). One motivation for these stringent 
thresholds is that the variability of tandem repeats increases strongly for repeats of high 
sequence similarity and TRF Scores (O’Dushlaine and Shields 2008). 
  
Identification of species-specific repeats at reference genome level  
We first sought to retrieve the sequences corresponding to the set of tandem repeat loci 
identified respectively in the human, chimpanzee, gorilla, and orangutan reference genomes 
with Tandem Repeat Finder (TRF, See Tandem Repeat Identification), in each of the other 
three reference genomes. To do this, we first downloaded the Enredo, Pecan, Ortheus (EPO) 
alignment (Paten et al. 2008) (downloaded from 
ftp://ftp.ensembl.org/pub/current_emf/ensembl-compara/epo_6_primate/), a multiple 
sequence alignment computed at the reference genome level between six primate species 
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(including the four used here), and then used a python script (available at 
https://bitbucket.org/james_taylor/bx-python/) to retrieve the sequences corresponding to 
each repeat locus that had been identified in a particular reference genome. We used this 
multi-alignment information in order to identify and then remove repeat loci for which in any of 
the taxa, the corresponding sequence portion was missing from their reference genome, was 
duplicated, or was missing sequence information (nucleotides marked as “N”). Next, we ran 
TRF on the retrieved sequences, and considered them to contain a repeat if either the repeat 
motif identified in the original tandem repeat list was the same as the one identified now by 
TRF, or if this particular repeat motif was found at least twice in tandem, and the total repeat 
length was at least four base pairs long. We then looked for repeat loci whose coordinates 
overlapped on the same original reference genome where these repeats had first been 
identified, and removed in each case all but one locus, that for which repeats were identified 
across the largest number of reference genomes (taxa). Lastly, we computed the number of 
repeat loci in each reference genome according to whether the corresponding sequences in 
the other reference genomes contained a repeat or not. We performed this entire procedure 
for all four reference genomes. 
 
Mapping and genotyping of tandem repeats 
For each sample we first mapped 50,000 reads to the human reference genome (hg19) using 
Novoalign aligner version 2.08.02 (http://www.novocraft.com), in order to calculate the mean 
and standard deviation of the insert size between the reads in each set of paired-end reads. 
for this preprint is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder; http://dx.doi.org/10.1101/015784doi: bioRxiv preprint first posted online February 27, 2015; 
25 
We then supplied this information to the aligner when performing the mapping of all reads to 
the human genome. Upon mapping we realigned reads located around indels using the 
Genome Analysis Toolkit (GATK) version 2.5 (McKenna et al. 2010), and used Picard Tools 
v1.7 (http://picard.sourceforge.net/) for removal of duplicate reads. Finally, using the set of 
tandem repeats identified with Tandem Repeat Finder (Benson 1999) we genotyped all 
samples using Repeatseq version 0.8.2 (Highnam et al. 2013), with default parameters and 
setting the “-emitconfidentsites” option. 
 
Validation of tandem repeats identified in nonhuman primates 
From each of the chimpanzee, gorilla, and orangutan sample sets, we selected one individual 
sample. We then mapped each of these samples to its own species reference (panTro 2.1.4, 
gorGor3 and ponAbe2 respectively for chimpanzee, gorilla and orangutan) using the 
Novoalign aligner v2.08.02 (http://www.novocraft.com), and after duplicate removal with 
Picard (http://picard.sourceforge.net/), genotyped repeats with Repeatseq (Highnam et al. 
2013) on the set of tandem repeats identified by running Tandem Repeat Finder (Benson 
1999) in the sample's species reference genome. We then used the UCSC liftover tool 
(Hinrichs et al. 2006) to get the positions of the genotyped repeats in the hg19 human 
reference genome, and checked if the genotypes called with this particular approach and the 
standard one (using the hg19 human reference) agreed. For each species, positions where 
the genotypes were found to disagree were excluded from further analysis. Due to the high 
degree of similarity between bonobos and chimpanzees, the set of positions excluded for 
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chimpanzee are the same that were excluded for bonobo. 
 
Genotype data filtering and tandem repeat copy-number definition 
For each sample we kept only those genotyped tandem repeats covered by at least 10 reads. 
In addition, we removed any genotypes which in the genomic context of a particular species 
are theoretically impossible to occur biologically, i.e. heterozygous genotypes in the X and Y 
sex chromosomes of male individuals, or any genotype called in the Y sex chromosome for 
female individuals. Furthermore, except for the analyses of heterozygosity and repeat copy 
number difference relative to human reference genome, we only considered tandem repeats 
where dividing the repeat length by the repeat unit length resulted in an integer.  
In all analyses genotypes are represented by the absolute copy number of the repeat unit in 
each allele, calculated as the tandem repeat total length divided by the repeat unit length. 
 
Absolute repeat copy-number distance from human reference genome  
We estimated absolute repeat copy number distance from the human reference genome for 
groups corresponding to all chimpanzee and gorilla subspecies, bonobos, the two orangutan 
species, and for three groups of humans, namely African hunter-gatherers, all Africans that 
did not fit in the former category, and non-Africans. For all repeat loci genotyped, we first 
subtracted the repeat copy number found by TRF in the human reference genome from the 
repeat copy number of each allele. We then resampled both TR loci and samples of each 
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group one hundred times. More specifically, in each resampling step, 500,000 TR loci were 
randomly sampled for each taxon (bonobo and chimpanzees were considered as a single 
taxon), for which three individuals, also randomly sampled, had all been genotyped. For each 
of these repeat loci and sets of three samples, we averaged the absolute values of ten 
randomly sampled alleles corresponding to the repeat copy number differences relative to the 
human reference genome. We then added 0.15 to each one of these averages and kept only 
the integer part of the resulting number (e.g. if at a particular locus the average repeat copy 
number difference relative to the human reference of the 10 alleles sampled across Africans 
was 2.87, we would consider their repeat copy number difference relative to the human 
reference to be 3, since the integer part of 3.2 (2.87+0.15=3.2) is 3 in that case). We 
quantified the number of times each repeat copy number difference was observed within 
each group in each of the 100 iterations, and plotted these results with the geom_smooth 
function of ggplot (Wickham 2009), which performs a local regression fit to the data.  
 
Heterozygosity 
To estimate heterozygosity, we used the set of one hundred re-samplings of 500,000 repeat 
loci and three samples per group, which had been generated previously in the analysis 
concerning the absolute repeat copy-number distance from the hg19 reference. Then, for 
each group and locus, we randomly sampled fifty pairs of alleles from a pool consisting of up 
to three samples, classifying each pair either as being homozygous or heterozygous, if either 
the two alleles were the same or different, respectively. Finally we divided the total number of 
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heterozygotes found, by the total number of loci analyzed, and calculated the average of this 
estimate for each of the 100 re-samplings. We then used the 100 averages obtained per 
group to produce the boxplots for each group. 
 
Population structure analysis 
For each species we selected a set of positions where all individuals had been genotyped, 
and for which all genotyped positions are at least 2000 base pairs apart. Then, for each set 
we proceeded to perform a principal component analysis (PCA), after mean centering the 
data, using the adegenet R package (Jombart 2008; Jombart and Ahmed 2011).  
Using the same set of positions, we also used STRUCTURE (Pritchard et al. 2000) version 
2.3.4 to look at the genetic structure present within each species. For this we selected an 
admixture model with correlated allele frequency, and for each K going from 2 to 7, where K 
is the number of putative ancestral clusters characterized by a subset of allele frequencies. 
All runs were performed with 1,000,000 Markov Chain Monte Carlo repeats, following a burn-
in period of 10,000 iterations. W For each species and K we then repeated the same analysis 
two additional times, to ensure consistency of the results, and examined a time series of the 
alpha values, in order to make sure that convergence on alpha was reached following the 
burn-in period.  
In order to find, for each species, the number K of genetically meaningful clusters that might 
exist within each species, we calculated Evanno's delta K (Evanno et al. 2005), using a 
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stand-alone script (Earl and VonHoldt 2011). 
 
Genetic differentiation 
The pairwise distance between all samples, defined by Rst, an analogue to Wright's Fst, was 
calculated both for individuals of each species separately using microsat 
(http://genetics.stanford.edu/hpgl/projects/microsat/). 
 
Ancestrally informative markers 
For each species of nonhuman primates we first selected those loci for which at least 75% of 
the individuals were genotyped both at the subspecies and species level in chimpanzees and 
gorillas, and at the species level in orangutans. We then identified those loci which contain 
both a repeat genotype and alleles unique to each chimpanzee and gorilla subspecies, as 
well as orangutan species. 
 
Tandem repeats genomic context 
We characterized TRs according to whether they were located within promoters, splice sites, 
3 or 5 UTR's, exons or introns, using the GenomicRanges package version 1.14.4 (Lawrence 
et al. 2013).  
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Repeat genotype conservation 
We classified TRs in each taxon as being fixed or polymorphic across the genotyped 
samples. For a TR to be considered as fixed within a taxon, we required that over 40% of the 
samples had been genotyped, and that at least 95% of these share the same repeat 
genotype length. For a TR to be considered polymorphic, it needed to have at least four 
samples genotyped, with at least two different genotypes present. We classified each repeat 
locus as polymorphic or fixed in both human and nonhuman primates. 
 
Gene ontology 
We used the topGO R package (Alexa and Rahnenfuhrer 2010) to search for gene ontology 
terms related to biological processes which may be enriched both in human specific repeats 
identified at the reference level, and for particular TR genotype conservation categories 
within taxa (fixed or polymorphic). We used a Fisher's test to infer this overrepresentation, 
followed by an adjustment for multiple testing of the p-values produced using the Benjamini-
Hochberg method (Kasen et al. 1990). 
 
Gene expression and sequence data  
The gene expression data we used were based on RNA sequencing of ~3.2 billion 76-base 
pair Illumina Genome Analyser IIx reads (Brawand et al. 2011). Expression levels are 
indicated as log2-transformed reads per kilobase pair of exon model per million mapped 
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reads. This provided one-to-one gene expression measurements from multiple primates, 
where each gene’s expression had been measured in six different organs (brain, cerebellum, 
heart, kidney, liver, testis) for between 1 and 6 individuals per species. From this data set, we 
used RNA-seq based expression values of all 13,035 one-to-one gene orthologs from 
humans, chimpanzees and macaques. We obtained DNA sequences of the genes in our 
expression data set through the Biomart tool of Ensemble (Kinsella et al. 2011), using human 
annotation version GRCh37.p10, chimpanzee annotation CHIMP2.1.4, and macaque 
annotation MMUL_1. 
 
Gene expression divergence  
The gene expression data set we used (Brawand et al. 2011) contained gene expression 
measurements from several individuals of a species for each gene and organ. We took 
advantage of this fact to assess statistical differences in gene expression divergence with a 
bootstrap-like resampling procedure, where we sampled gene expression values from 
different individuals of a species to create 1000 replicate data sets (n=13,035) for each 
organ, and species.  
We partitioned gene pairs in each such data set into two groups: gene pairs where genes of 
a given species contained tandem repeats in a specific region of interest, such as a 
promoter, and gene pairs without such repeats. We then computed, separately for genes in 
the two groups, a pairwise matrix of Euclidean gene expression distance between all genes 
in a pair of species, based on the formula (Tirosh et al. 2006): 
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EDi,j (g )=√1Ag∑k=1
Ag ( xi (g,k )− x j (g,k )xi (g,k )+x j (g,k )+2)2
, 
where i and j stand for species i and j (e.g. human and chimpanzee), g is a (binary) indicator 
variable reflecting which of two sets of genes (with or without repeats) are analyzed, Ag is the 
number of genes in that set, k is a gene-specific index and x is the expression level of a 
gene. To give an example,  xhuman (norepeat, 1)  is the gene expression value of the first gene 
in the human gene set without repeats for a given organ, and EDhuman, macaque (repeat) is the 
expression distance between repeat-containing human and macaque gene pairs for a given 
replicate data set. 
Overall, we created 12 separate expression distance matrices of size (1000×3), for two gene 
subsets based on repeat presence and for six organs. We used these matrices to construct 
gene expression trees using the neighbor-joining approach (implemented in the ‘ape’ 
package (Paradis et al. 2004) in R (http://www.R-project.org/)). We used the branch lengths 
of the trees we constructed as a measure of gene expression divergence. To test the null-
hypothesis that the expression divergences (branch lengths) of the 1000 sampled trees were 
significantly different between the two gene subsets for each organ, we used paired t-tests 
(N=1000, df=n-1 unless otherwise mentioned). All P values are reported after Bonferroni 
correction (Dunn 1961) for multiple testing and they were robust to number of bootstrap 
replicates. We performed all statistical analyses using MATLAB (7.10.0, The MathWorks Inc., 
Natick, MA, R2010a).  
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Expression divergence versus repeat genotype conservation  
We used again the expression data available for genes present both in human and 
chimpanzee (Brawand et al. 2011), and calculated the mean absolute expression divergence 
between human and chimp for each tissue and TR genotype conservation category by 
randomly sampling 1000 genes with replacement. For each of these genes we sampled the 
expression for both species from among the samples (up to 6 by tissue) with expression 
different from zero, and calculated the log2 of their absolute expression levels. We then 
ranked these by their absolute expression divergence level, and averaged their value after 
removing the top and bottom 25% values. This step was repeated 100 times, and the values 
used to generate the boxplot.  
To test for significance across different categories comparisons, we used the wilcox.test R 
function to implement a Wilcoxon-Mann-Whitney statistical test. 
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Figure 1. Repeat copy number differences relative to human reference genome (hg19) 
and heterozygosity estimates for several nonhuman great apes species and human 
groups. A) Absolute repeat number differences relative to the human reference genome 
estimated to occur for different human groups and subspecies/species of nonhuman primate 
taxa. The x axis shows the number of repeat copy number differences and the y axis the 
number of events for each repeat number difference in log10 scale. As expected, humans 
show the fewest differences relative to the human reference genome, and are followed by 
chimpanzees, bonobos, gorillas and orangutans. Within humans, African hunter-gatherers 
show the most variation, followed by Africans and non-Africans. B) Heterozygosity estimates 
for different human groups and subspecies/species of nonhuman primate taxa. These results 
show great concordance with previous genetic surveys using millions of SNPs.  
 
Figure 2. Population structure analysis of chimpanzees, using a principal component 
analysis (PCA) and STRUCTURE. A) In the PCA plots each axis corresponds to a principal 
component, and the percentage of the total variation it explains. The upper plot shows the 
two first components, and the bottom plot the third and the fourth principal components (PC). 
Shapes correspond to different chimpanzee subspecies, and colours indicate geographical 
origin (DRC stands for Democratic Republic of the Congo). The first three principal 
components separate the four chimpanzee subspecies currently described in the literature, 
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and the fourth highlights within-subspecies structure due to the geographical origin of the 
samples. B) Each barplot shows the results obtained with STRUCTURE when considering 
different K populations (shown left of the plots) into which the samples (each represented by 
a bar) were partitioned into. The structure patterns observed are shown to correspond to 
subspecies designation (K=2 through K=4). The number K of populations best supported by 
the data is K=5, according to Evanno's method. This corresponds to further substructure 
within the central chimpanzee population (red box), which may be due to genetic differences 
between samples belonging to populations from eastern and western Gabon, also observed 
in the PCA. Specifically, Doris (indicated by a red asterisk), which originates from western 
Gabon possesses a different genetic component from the eastern central chimpanzee 
samples. 
 
Figure 3. Heatmap plots with Rst values for all great ape taxa. Heatmap plots of Rst for 
human and nonhuman primate taxa, produced by comparing samples in a pairwise fashion. 
Yellow indicates a low Rst value, and corresponds to high similarity between a pair of 
samples, while blue indicates high Rst and dissimilar samples. Clusters of higher similarity 
between samples corresponding to populations, subspecies, and species can be observed. 
 
Figure 4. Relationship between expression divergence and the presence of repeats in 
gene promoters and other genic regions. A) Boxplot of total tree lengths of genes with 
repeats (thick lines) and genes without repeats (thin lines). Horizontal lines in the middle of 
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each box mark the median, edges of boxes correspond to the 25th and 75th percentiles, and 
whiskers cover 99.3% of the data points. B) Presence of tandem repeats associate with 
higher expression divergence. Bars present mean differences in expression divergence, 
based on pairwise expression tree length differences between repeat-containing and non-
repeat-containing genes. Repeats found in upstream regions of length 20kbp, 15kbp, 10kbp, 
5kbp, 1 kbp, as well as in 3’UTRs, exons, first introns and all introns were considered, as 
indicated on the horizontal axis. Note that all expression differences are positive, indicating 
that repeat-containing genes, regardless of category, diverged more rapidly. Whiskers 
represent 95% confidence intervals. 
 
Figure 5. Relationship between expression divergence and within-species repeat 
genotype conservation in human and chimpanzees. Boxplots produced by resampling 
1000 data points each corresponding to the average log2-transformed expression divergence 
value between human and chimpanzee for a particular tissue and for genes associated to a 
particular category. The tissues are shown on the x axis, and the y axis corresponds to the 
absolute mean expression divergence between humans and chimpanzees. The categories 
considered are: genes with no repeats in promoters (red); genes containing exclusively 
repeats in promoters which have the same repeat length fixed across all human and 
chimpanzee samples (yellow); genes containing exclusively repeats which are polymorphic in 
human and chimpanzees (green); genes containing small repeats (repeat unit length of 1-5 
bp and less than 100bp total repeat length) in their promoter (blue), and genes containing 
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large repeats (repeat unit length of 2-50 bp) in the promoter. Genes lacking repeats in 
promoters or repeats for which the same repeat genotype length is found across human and 
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